Background: Traditional linear regression analyses have detected increasing trends in the incidence of overweight/ obesity among both genders in China. However, these previous regression analyses were limited in their ability to capture cross-distribution variations among effects. The objective of our study was to analyze the change in the body mass index (BMI) distribution of adults and investigated the relationships between the key covariates and the BMI distribution. Methods: We used longitudinal data from the China Health and Nutrition Surveys (CHNS) in 1991, 1993, 1997, 2000, 2004, 2006, 2009, and 2011, with at least two waves of data collection. In total, 17,819 participants aged 18-60 years (N = 8587 men and 9232 women) were included in the final analysis with 48,900 observations. The lambda-mu-sigma (LMS) method was used to describe changes in the BMI distribution. Separate sex-stratified longitudinal quantile regression (QR) analyses were used to investigate changes in the BMI distribution over time.
Background
Traditionally, obesity is associated with developed countries but it has now become a pandemic throughout the world, where this health burden has emerged in developing countries, such as China [1] [2] [3] [4] . According to the Chinese Chronic Disease Surveillance study in 2010, the prevalence of overweight and obese Chinese adults increased rapidly in the last decade, reaching 30.6% and 12.0% in 2010, respectively [5] . No countries have obtained significant decreases in the rate of obesity in the last three decades [6] , and being overweight/obese is one of five leading global risks for mortality throughout the world [7] . The economic costs of overweight and obese adults have increased recently in China. In 2010, overweight/obese adults imposed a substantial economic burden on China, where they were responsible for 42.9% of the medical and non-medical yearly costs of the major non-communicable and chronic diseases (NCDs) in China [8] .
The obesity epidemic is attributed to a widespread imbalance between energy intake and energy expenditure [9] . China has experienced dramatic economic and social changes in the past decades, and the pace of urbanization in China is much faster than that experienced previously in Western countries. These changes have affected the lifestyles of Chinese people, especially the way they eat, drink, and move. Thus, the Chinese population have rapidly increased their consumption of edible oils, animalderived foods, snacks, and fried foods, and many have adopted other unhealthy behaviors [10] . At present, eating away from home is playing a larger part in the Chinese diet due to rapid urbanization and income growth. Furthermore, the modern food system is producing more processed, affordable, and easily accessible foods and beverages than ever before [11] . As a result of all these factors, China's history of under-nutrition has been followed by a rapid increase in obesity and obesity-related diseases, with differential rates across rural and urban areas [12, 13] . Global urbanization has provided many benefits in terms of living, transportation, health services, and other facilitative community aspects, but rapid urbanization has produced deleterious effects on the eating habits, lifestyles, and overall health of individuals within developing communities, thereby causing a significant nutritional transition, particularly in Africa, China, and India [14] . A recent study demonstrated that rapid changes in mechanized transportation, home production, and market production have contributed to a dramatic reduction in total PA in China [15] . A cross sectional analysis from Bhavani showed energy intake had largely insignificant effect on BMI in the lower and middle quantiles, whereas the upper quantiles show a positive and significant effect [16] . Several studies have investigated a number of individual-level effects on overweight Chinese adults, such as the educational attainment disparities [17] and regional differences [3] . Researchers have also attributed a major role to urbanization in the obesity epidemic [11, 18, 19] .
However, previous researchers assessed the frequency of obesity trends by focusing on the upper percentiles of the BMI frequency distribution in categorical logistic regression analyses or other traditional linear regressions [20, 21] . These approaches are limited because the effect of obesity-related covariates can be hypothesized to vary across the BMI distribution, thereby preventing us from fully understanding the causes of the shift [22] . The application of QR analysis rather than traditional regression is particularly helpful when the effect of covariates differ at different levels of the response variable. Therefore, we analyzed the shifts in adult BMI distributions and modeled the influence of predictors on changes in the 10 th , 25 th , 50 th , 75 th , and 90 th BMI percentile over time using data obtained from the CHNS. The results of this study provide important insights that may facilitate the control, prevention, and treatment of overweight/ obesity by health decision makers.
Methods

Study design
The data were derived from the CHNS, which is a prospective household-based study that included individuals of various ages in nine rounds of surveys between 1989 and 2011, who lived in nine diverse provinces and three megacities (only in 2011). The CHNS focused on assessing the relationships between the economic, sociological, and demographic transformation of China, and the resulting effects on the health and nutritional status of the Chinese population. A multistage, stratified, sampling design was used to ensure that the CHNS provided a fair representation of urban and rural areas. The data were collected by trained and certified health workers. The survey protocols, instruments, and the process used to obtain informed consent in this study were approved by the institutional review committees of the University of North Carolina at Chapel Hill, as well as by the National Institute for Nutrition and Health, which is affiliated with the China Center for Disease Control and Prevention. The participants provided written, informed consent. Additional details regarding the CHNS data have been published previously [23] .
Study population
Our samples included the eight most recent rounds of the CHNS, which were collected in 1991, 1993, 1997, 2000, 2004, 2006, 2009, and 2011 , with at least two waves of data collection to facilitate the assessment of temporal trends in these individuals. Data from 1989 were not included because some of the covariates, such as PA and sedentary time, were not obtained during these waves. We limited the sample to subjects aged between 18 and 60 years who were not disabled, pregnant, or lactating during a particular wave, and complete data were available for these participants. We also excluded all of the observations from the three megacities because these data were only collected in 2011. Our final analysis sample included 17,819 participants (N = 8587 men and 9232 women) and 48,900 observations, i.e., an average of approximately 2.7 observations were collected for each subject.
Outcomes
The outcome of interest was BMI (kg/m 2 ), which was calculated as the weight (in kg) divided by the height (in m) squared. Weight and height were measured by trained field staff according to the standardized protocols of the World Health Organization. Weight was measured without shoes and in light clothing to the nearest 0.1 kg using a calibrated beam scale. Height was measured without shoes to the nearest 0.1 cm using a portable stadiometer. According to the Chinese definitions, overweight and obesity were defined based on BMI cutoff points of 24 and 28, respectively. We used BMI as a continuous variable.
Covariates
Two types of covariates were used in the analysis. The first type comprised categorical variables. An individual's education was determined as the highest educational level reported throughout the course of inclusion in the CHNS. Educational level was categorized into three groups: 0 = middle school education or less; 1 = high school education; 2 = college education and above. Individual income was based on the reported gross annual per capita household income, which was inflated to 2011 values [24] and categorized into wave-specific tertiles.
The second type comprised continuous variables. Detailed dietary consumption data were collected at both the household and individual level over three consecutive days to determine the average daily energy intake for each individual [25, 26] . According to previous studies of the CHNS [16, 27] , the vast majority of the PA among adults in China comprises occupational and domestic PA, whereas the amount of leisure and travel PA is extremely low. Moreover, the occupational and domestic PA components were the only types for which we had complete data across all eight waves. Thus, we used the average metabolic equivalents of task (MET) hours per day to indicate the PA level, which comprised two PA domains: occupational and domestic. A MET unit is defined as the ratio of a person's working metabolic rate relative to their resting (basal) metabolic rate. Therefore, the average MET-hours per day measurements comprise both the average intensity of each activity (or sub-activity) and the time spent in each activity. Measurements of the sedentary leisure time among adults were only available from 2004 in the CHNS study. Sedentary behavior was calculated as the average hours per day because low MET values are associated with sedentary activity. The calculation of these values has been described in previous studies [27, 28] .
A multidimensional index was developed specifically for the CHNS to capture the urbanization level in Chinese communities [3] . This index is a measure of various dimensions of urbanization and it has been used in previous studies [27, 29, 30] . In the present study, we divided the urbanization index into tertiles: 0 = low urbanization, 1 = medium urbanization, and 2 = high urbanization. Age was defined as the age in 2011.
Statistical analysis
First, we calculated descriptive statistics for the individual demographic variables, which were stratified by gender in each wave of the survey. Continuous variables were expressed as medians, the 25 th percentile (Q1), and the 75 th percentile (Q3). Categorical variables were expressed as percentages. To examine the different changes over time, we used trend Chi-square tests for categorical variables and Kruskal-Wallis tests for continuous variables. P < 0.01 were considered statistically significant.
Second, we used the LMS method in the VGAM package R version 2.15.1 (R Development Core Team, Vienna, Austria) to obtain figures to represent the BMI distributions in 1991 and 2011, thereby illustrating the changes in the obesity measures ( Figure 1 ). In addition, we used the LMS method to determine the age-specific secular trends in the obesity measures, thereby allowing us to examine the temporal trends in specific percentile points of the BMI ( Figure 2 ).
Finally, separate sex-stratified longitudinal QR analyses were used to investigate the changes in the BMI distribution over time. Compared with the traditional linear regression based on means, this method is helpful when the effects of covariates vary at different levels of the response variable. This technique also allowed us to consider repeated measurements collected for the same individual over time, to handle the skewed distribution of the outcome variable, and to describe the overall distribution [9] . We aimed to determine whether the changes in the BMI distribution over time were due to secular trends, or other individual-level and community-level factors.
We considered three models, as follows. Model 1 was controlled for time only, thus the coefficients indicated the change in the BMI associated with each additional year for a particular percentile of the BMI distribution. The individual-level variables were then added to the equation to estimate Model 2, including the educational level, per capita annual family income, energy intake, PA, and sedentary hours. For Model 3, the community-level variable was also introduced into Model 2. The descriptive and QR analyses were conducted in lqmm package R version 2.15.1 (R Development Core Team, Vienna, Austria).
Results
The characteristics of the study samples are shown in Table 1 .
Trends in the BMI distribution curves of men and women Figure 1 shows the smoothed distribution curves obtained using the LMS method for the changes in the BMI over time among men and women aged 18-60 years in selected years. For both genders, the main characteristic was a shift to the right by both curves where the distributions became wider and a large proportion of the samples had a higher BMI. During the overall period, the distribution curve moved greatly for men but only slightly for women.
Shifts in the 25
th , 50 th , and 75 th percentile BMI curves Figure 2 shows the 25 th , 50 th , and 75 th percentile BMI curves constructed using the LMS method for selected years, by gender and age. The 25 th , 50 th , and 75 th percentile curves are shown from the bottom to the top (solid line: 1991; dotted line: 2011), respectively. All of the percentile curves exhibited increasing trends from 1991 to 2011, where the levels increased more in the higher percentile levels among both genders and each age group. A comparison of the plots shows that the BMI percentile curves of women were more stable than those of men. For each percentile curve, the changes were lower in women than in men. However, after 50 years of age, all of the male BMI percentiles began to decline whereas the female BMI percentiles continued to increase.
Yearly change in BMI percentiles based on the longitudinal QR analysis Tables 3 and 4 show the estimated coefficients and the 95% CIs for the quantile models of male and female BMI, respectively. Higher PA and higher energy intake were associated with lower BMI in both genders. A higher educational level, higher income, and higher urbanization index were associated with a lower BMI in females. However, only the educational level and income had significant as- . A higher educational level, higher income, higher energy intake, and higher urbanization index were associated with higher , and 90 th percentiles, which indicated that BMI increased more in men than in women across the overall age distribution and in all percentiles. Moreover, there were larger increases in the upper percentiles than the lower percentiles among both genders, especially in women aged >40 years. However, male participants aged >30 years old had larger increases in their BMI than the younger age group, and the rate of increase slowed down for men aged >40 years. Thus, intervention strategies need to target high-risk groups, including women aged >40 years and men aged 30-40 years. Thus, the body composition change may be similar to that in other countries, but there are also unique features. Young-Ho Khang et al. reported that the BMI distribution exhibited shifts toward the right in both genders among Korean adults, but the shift was much more evident in men than women. Furthermore, the BMI tended to decrease among women aged 20-39 years [31] . Data obtained from Canadian surveys show that the BMI distribution has shifted to the right since the 1970s, especially among men, and men were more likely to be overweight than women [32] . Compared with previous analyses, the QR method we employed in the present study is more appropriate because the covariates are expected to shift more than the conditional mean of the BMI. We found that there were significant yearly increases in the BMI and these increases were greater in the upper percentiles compared with the lower percentiles. Time had different positive associations with men and women in different percentiles. In particular, men had larger coefficients than women in three percentiles (10 th , 50 th , and 75 th ). These results suggest that the increase in the prevalence of overweight/obesity in men was greater than that in women. Previous studies have documented increases in overweight and obesity with gender-related differences in the BMI trends [1, 5, 33] . Our findings provide new insights into gender-specific percentiles and we found that not all male of the BMI percentiles were higher than those of females. After adjusting for individual and urbanicity factors, the increase was significantly attenuated in the yearly changes for men, i.e., in the lower tail as well as the upper tail. This demonstrates that individual and community level factors influence the increase in male BMI. For women, after adjusting for individual factors, the yearly change in the increase in the BMI was also attenuated significantly. However, the yearly coefficients increased after adjusting for urbanicity factors. Thus, individual factors had the opposite association with the yearly change in the female BMI compared with the community level factors.
Other researchers have examined the effects of various factors on the trends in the BMI among Chinese subjects by applying traditional regression based on the mean, where most considered the individual level effects and few addressed the community level effects. In our QR-based study, we examined the associations among these covariates in different percentiles and we detected various changes in the trends in the BMI among men and women in China. This method provided more detailed information about how individual or community level factors might be associated with various BMI levels. Previous researchers have demonstrated that decreases in the PA levels play an important role in body weight increases [29, 34] . Indeed, PA brings clear health and functional benefits that extend to all segments of the population [35, 36] . Thus, many countries, such as the U.S.A., Canada, and China, have published guidelines to increase PA levels. However, although our analysis also showed that higher PA was associated with lower BMI in both genders, it had different effects on the BMI in various percentiles. In men, PA had the strongest negative association with BMI in the 25 th percentile, i.e., -0.006 kg/m 2 (95% CI: -0.008, -0.003), and similar in other percentiles, i.e., about -0.003 kg/m 2 (95% CI: -0.007, 0.000). By contrast, PA had the strongest negative association with female BMI in the 90 th percentile, i.e., -0.004 kg/m 2 (95% CI: -0.007, -0.001). These results demonstrate that PA had a much stronger negative association with people who had a higher BMI. Thus, interventions might be more effective if greater encouragement could be focused on people in the upper BMI percentile. An inactive or sedentary lifestyle is known to be a distinct risk factor for numerous NCDs independent of PA [37, 38] . In the present study, although sedentary time had a significant positive association with BMI in the upper percentile, there were negative associations in the lower percentiles. The detailed explanations of these associations need to be addressed in further studies. We found that energy intake had a positive association with BMI, but varied among different percentiles.
Finally, disparities are also related to educational attainment because Jones-Smith et al. found that lower educational attainment was associated with a higher BMI and an increased likelihood of being overweight among Chinese women, whereas higher educational attainment was a risk factor for being overweight among Chinese men [16] . In the present study, a higher educational level had a strong negative association with female BMI in the 75 th percentile. In addition, college level education and above had a positive association with BMI among women in the lower percentiles. This demonstrates that lower educational attainment was not associated with a higher BMI in all percentiles. Among men, higher educational attainment was negatively associated with BMI in some percentiles. It is possible that highly educated men have higher incomes and thus more social activities and opportunities for eating out compared with women. According to our analysis, higher income had a significant positive association with increased BMI in males. When they eat out, people tend to eat larger meals, consume more energy-dense foods, increase their alcohol intake, and reduce their vegetable and fruit consumption compared with eating at home [39, 40] .
Urbanicity and modernization have greatly affected the changing disease patterns seen in China [1] . Previous studies have detected various health disparities between urban and rural areas in China and other countries. However, among women living in communities with a lower initial urbanization score, a higher level of change in urbanicity was associated with a significantly higher likelihood of becoming overweight/obese during the follow-up period [3] . In the present study, we found that the urbanization index had different positive association with male BMI in various percentiles. Urbanization will continue unabated in China, thus it will continue to promote changes in dietary behavior, with increasing intake of edible oils, fried foods, and animal-derived foods, as well as declines in PA due to less occupational, domestic, and travel activity, and more sedentary time. This phenomenon is unlikely to reverse by itself. Lao et al. reported that obesity is leveling off overall in Guangdong province [41] , but in China as a whole, it is very likely to continuing to increase due to economic disparities. Obesity-related diseases will continue to have major health implications in terms of shifts in the prevalence of NCDs and increased medical care costs [8, 42] . In the present study, all of the percentile curves exhibited increasing trends from 1991 to 2011, and the levels increased more in the higher percentiles, which indicates that the BMI of people in the higher percentiles appeared to increase more rapidly. Thus, different intervention strategies should be adopted for men and women in different percentiles.
This study had several strengths. First, we incorporated individual and community level evidence into the models. Thus, an array of variables was considered in different percentiles, which facilitated a deeper and fuller analysis. Second, we used large-scale, longitudinal samples, which allowed us to examine the specific causes of the obesity epidemic in China. This study also had limitations. We did not consider the roles of sex hormones, which may respond to obesogenic environmental changes, thereby affecting the BMI. In addition, changes in the gut microbiome might help to explain the great increases in obesity during the past few years [6] .
Conclusions
Our analysis showed that there have been major increases in the BMI among adults in China over the past decades, where the increases in the BMI in the upper percentiles were greater than those in the lower percentiles in both genders, but especially in men. We used the QR analysis method to elucidate potential effects on the overall BMI distribution. A national strategy to tackle overweight/ obesity is urgently needed to correct the shift in the BMI distribution in an efficient manner.
